Abstract-Alginate gel crosslinked by calcium ions (Ca 2+ ) has been widely used in cartilage tissue engineering. However, most studies have been largely performed in vitro in medium with a calcium concentration ([Ca 2+ ]) of 1.8 mM, while the calcium level in the synovial fluid of the human knee joints, for example, has been reported to be 4 mM or even higher. To simulate the synovial environment, the two studies in this paper were designed to investigate how the alginate scaffold alone, as well as the chondrocytes seeded alginate gel responds to variations in medium [Ca 2+ ]. In Study A, the mechanical properties of 2% alginate hydrogel were tested in 0.15 M NaCl and various [Ca 2+ ] (1.0, 1.8, and 4 mM). In Study B, primary bovine chondrocytes were seeded in alginate gel, and biochemical contents and mechanical properties were determined after incubation for 28 days in three [Ca 2+ ] (1.8, 4, and 8 mM). For both studies, it was found that the magnitude of the complex shear modulus (|G * |) at 1 Hz doubled and the corresponding phase angle shift angle (d) increased >2°as a result of the approximate 4-fold change in [Ca 2+ ]. At high [Ca 2+ ], the chondrocyte glycosaminogylcan (GAG) production inside the chondrocytealginate constructs was suppressed significantly. This is likely due to a decrease in the porosity of the chondrocyte-alginate constructs as a result of compaction in structure caused by an increased crosslinking density with [Ca 2+ ]. These may be important considerations in the eventual successful implementation of cartilage tissue-engineered constructs in the clinical setting.
INTRODUCTION
Articular cartilage is a dense white connective tissue covering the moving articular ends of diarthrodial joints. 32 With traumatic injuries and progressive degenerative diseases such as osteoarthritis (OA), some articulating joint cartilage loses its essential mechanical functions including load-supporting, wear and friction minimization. 26 Furthermore, since the time of Hippocrates (460BC), it has been known that articular cartilage has limited ability to repair itself, and this observation has been repeatedly demonstrated over time. 20 Today, autologous chondrocytes implantation (ACI) 6 is the only cell-based therapy for cartilage repair approved by US Food and Drug Administration (FDA). Because of the associated donor-site morbidity and prolonged cell cultural and surgical time, an alternative approach has been proposed with the goal aimed to make reliable and functional substitutes for biological tissues by applying the knowledge and principles of engineering and sciences. 7, 16, 24 Alginate gel crosslinked with calcium ions (Ca 2+ ) has also been widely used for tissue engineering studies [e.g., 28, 35, 45 ] due to its documented biocompatibility, low toxicity, relatively low cost, and spontaneous gelation. Physiologically, calcium concentration ([Ca 2+ ]) plays an important role in the function and organization of articular cartilage. These ions bind to proteoglycans by electrostatic force to maintain structure and function of the tissue. 8 Thus calcium metabolism and the changes in calcium ion concentration are important during the cartilage development and under pathological conditions. 23 In particular, the calcium level in synovial fluid of human knee joints has been reported to be 4 mM or higher, 27 while (inexplicably) most previous studies have been performed in culture medium with a [Ca 2+ ] of 1.8 mM. The increase in [Ca 2+ ] is expected to change the structure and mechanical properties of alginate hydrogels, and therefore affect the overall cellular response of embedded chondrocytes in such tissue engineered cartilage constructs in vivo. Within the in vivo intra-articular situation, these constructs are subjected to very high loading conditions, and as such, the mechanical properties of the hydrogel will have significant influence on the states stress and strain of the embedded chondrocytes will sustain. 16, 32 Alginate is a naturally derived linear polysaccharide comprised of (1-4)-linked b-D-mannuronic acid and a-L-guluronic acid. Divalent cations, such as Ca 2+ , can bind the guluronic residues in adjacent alginate chains to form an egg-box structure 14, 39 and cause the gelation of aqueous alginate solutions (Fig. 1 ). Monovalent ions such as Na + can also compete with calcium ions for junction sites of guluronic residues and thereby weakening the alginate gel. 25, 37 The calcium crosslinks can be readily dissolved in the absence of the divalent ions, leading the gel to depolymerize. Alginate hydrogel has been utilized for cartilage repair, ACI and cartilage tissue engineering, 18, 35, 45, 46 and has been reported to facilitate maintenance of the chondrocytic phenotype. 19 Within the three-dimensional alginate matrix, the bone-marrow-derived stem cells have been reported to differentiate into chondrocytes in an in vivo rabbit study, 9 and embedding dedifferentiated chondrocytes in alginate hydrogel has led to the establishment of the characteristics of chondrocyte phenotype. 4 Scaffold mechanical properties are important for cartilage tissue engineering studies. Chondrocytes seeded in scaffolds are often stimulated with static or lowfrequency dynamic compressive loading (leading to interstitial perfusion which is important for the transport of nutrients and waste products), and oscillatory shear to increase or accelerate tissue regeneration by increasing cell biosynthetic activities [e.g., 15, 43 ]. The generated mechano-electrochemical signals are highly dependent on the composition of the matrix (scaffold materials, and chondrocyte produced extracellular matrix proteins, i.e., collagen, proteoglycan, etc.) mechanical properties such as compressive modulus, shear modulus, and permeability of the solid, porouspermeable matrix. 32 Therefore, it is important to not only quantify the mechanical properties of these constructs and scaffolds, but to do so under physiological ionic conditions. 34 Most of the previously reported mechanical properties of the alginate hydrogel have been obtained in various non-physiological conditions at low-osmotic environment.
31,37 therefore, are not directly applicable to tissue engineering for in vivo applications. LeRoux et al. 25 was the first to study how the mechanical properties of alginate hydrogel change with the concentration of alginate and storage time of the hydrogel under a physiologically relevant ionic condition (0.15 M NaCl and 1.8 mM CaCl 2 ). Although it has been observed that alginate hydrogel mechanical properties highly depend on [Ca 2+ ] in the gelation solution, 41, 42 no precisely controlled torsional shear and compressional tests have been performed to quantify the effects of this [Ca 2+ ] variation on the true material properties of alginate hydrogel under physiological ionic conditions, which has a [Ca 2+ ] of 4.0 mM or higher. 1 It is not known how alginate responds in these levels of [Ca 2+ ], and more importantly, how changes in [Ca 2+ ] within the interstitium of an alginate hydrogel could affect chondrocyte biosynthesis and matrix production in engineered cartilage based on the use of such alginate constructs.
The objective of this study is to investigate how alginate hydrogel structure and mechanical properties change with medium calcium concentration and how chondrocytes embedded in alginate hydrogel respond to the variation in external calcium concentration in culture. To this end, two experiments were conducted: Study A-examine the changes in mechanical properties of alginate hydrogel in concentrations as a function of [Ca 2+ ] (1.0, 1.8, and 4 mM); Study B-determine the chemical contents and mechanical properties of chondrocyte-embedded alginate hydrogel after culturing in media with in various calcium concentrations (1.8, 4, and 8 mM) for 28 days. Only a torsional shear test of cylindrical specimens, Fig. 2 , provides an equivoluminal deformation (i.e., no matrix dilatation) and hence no motive forces to drive interstitial fluid flow. 47 
METHODS

Sample Preparation and Cell Culture
Low-viscosity sodium salt alginic acid (A2158, Sigma, St Louis, MO) was used in these studies. This alginate is derived from Macrocystitis pyrifera, has an M/G ratio of 1.67 and a molecular weight of around 50,000 Dalton. For Macrocystitis pyrifera, the molar fraction of guluronic acid is approximately 0.39 with an average block length of 5.0. 25, 39 Two percent (2%) alginate solutions were made and sterile filtered (0.22 lm porous size).
In Study A, 2% alginate solutions were gelled by diffusion in 50 mM CaCl 2 solution in a custom-made cylindrical Delrin mold (10 mm diameter · 1.6 mm thickness). After 1.5 h, the samples (n = 4) were removed from the mold, and put into a solution with 0.15 M NaCl and various concentrations of CaCl 2 : 1, 1.8-4 mM. Media were exchanged regularly to keep the external ion concentrations outside the samples as prescribed. The samples were immersed in the solutions for 15-20 h to render them structurally stable and at diffusion equilibrium before performing mechanical tests. 25 In Study B, chondrocytes were obtained from fullthickness articular cartilage of carpometacarpal joints of skeletally immature, 1-4 week-old calves from a local abattoir (Rutland, VT) following enzymatic digestion described by Jiang et al. 22 Briefly, articular cartilage was minced into small pieces and was then subjected to serial enzymatic digestion with 0.25% pronase (Calbiochem, San Diego, CA) for 1 h and 0.05% collagenase (Sigma) for 4 h at 37°C. The resulting cell suspension was filtered through a sterile membrane with a pore size of~30 lm and centrifuged for 5 min. The cell pellet was then mixed with 2% alginate solution at a density of 30 million cells/mL. The cell-alginate mixture was gelled in a custom mold with 50 mM CaCl 2 in phosphate buffered saline (PBS) for 30 min before the chondrocyte-alginate constructs were removed from the mold. These samples were then incubated at 37°C and 5% CO 2 for 28 days in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal bovine serum (FBS, CellgroMediatech), 1% non-essential amino acids, 100 units/mL penicillin, 100 lg/mL streptomycin, and 20 lg/mL ascorbic acid (Sigma). Concentrated CaCl 2 solution (2 M) was added to reach calcium levels of 1.8, 4, and 8 mM. During incubation, media were changed every other day.
Mechanical Testing
The diameter (d) of each sample from both Study A and Study B was measured with a stereomicroscope (model PP&E 56939; Bausch and Lomb, Rochester, NY). The mechanical tests were performed on a shear-strain controlled rheometer (ARES-LS1, TA instruments, New Castle, DE). The sample was placed between two flat-rough porous platens (rms surface roughness is ±30 lm) to prevent it from slipping against the specimen, and immersed, to prevent dehydration, in the same solution for Study A and storage medium at 37°C for Study B 47 ( Fig. 2) . First, a normal tare load of about 0.025 N was administered, and the reference thickness h of the sample was determined from the axial position readings of the rheometer. After 5 min of compressive-stress relaxation, the normal (i.e., vertical) force component (F 1 ) was recorded. A 15% (e) normal strain was then applied, and the normal force (F 2 ) was again determined after another 25 min. From this normal force, the equilibrium compressive modulus (E eq ) of this specimen was calculated at 15% compressive strain as follows:
For Study A, a step shear stress relaxation test was performed after 15% compression, a step shear strain of 0.01 (c) radian was administered by applying an angular displacement h = 2 ch/d (see Fig. 2 ) and followed with a 40-min shear-stress relaxation. The equilibrium shear moduli (G eq ) were then calculated from the equilibrium torque applied (T eq ) to the sample with the formula below:
where I p is the polar moment of inertia of a cylinder and given by I p = pd 4 /32. For both Studies A and B, a dynamic shear test was performed over frequencies ranging from 0.01 to 10 Hz on a logarithmic frequency sweep with shear strain amplitude c 0 = 0.01 radian. The complex (dynamic) shear modulus was calculated from G * = Td/(2I p c) as a function of frequency (x), where, c is a sinusoidal shear strain applied on the sample with the form c = c 0 sin(xt), where c 0 is the amplitude and x is the angular frequency, and T is the torque response. Generally, G * is a complex number for viscoelastic materials such as hydrogels, and can be expressed as, where G * = G¢ + iG¢¢, G¢ and G¢¢ are the storage modulus and loss modulus, respectively. The magnitude of the dynamic shear modulus (|G * |) is given by
; and the phase shift angle (d) between the applied strain and the torque response is calculated from d = tan -1 (G¢¢/G¢). 47 
Biochemical Assays and Histology
For Study B, after mechanical tests, each sample was first washed with PBS and then halved with one half frozen for biochemical assays and the other half used for histology. For biochemical assays, the sample was first gently blotted dry and weighed (wet weight), and then the sample was lyophilized and the dry weight was obtained. Water content (%) was calculated as (wet weight-dry weight)/wet weight. Samples were then digested for 16 h at 60°C with 20 lL/mL papain in 0.1 M sodium acetate, 10 mM cysteine HCl, and 50 mM ethylenediaminetetraacetate (EDTA).
An aliquot of the digest was used to determine the total DNA per sample using the PicoGreen dsDNA assay 30 (Molecular Probes, Eugene, OR) following the protocol provided by the manufacturer. Fluorescence was measured with a microplate reader (Tecan, Maennedorf, Switzerland) with excitation and emission wave-lengths of 485 and 535 nm, respectively.
To quantify the glycosaminogylcan (GAG) content, a modified 1,9-dimethylmethylene blue (DMMB) dyebinding assay 10, 11 with chondroitin-6-sulfate (Sigma) as a standard was used. To account for the anionic nature of the carboxyl groups on the alginate hydrogel, the pH of the DMMB dye was adjusted to be 1.5 with the concentrated formic acid (Sigma) so that only the sulfated GAG-DMB complexes were detectable with the spectrophotometer. The absorbance at both 540 and 595 nm was used to improve signal detection. 38 Sample collagen content was quantified with a simplified hydroxyproline assay. 21, 36, 40 Specifically, an aliquot of the digest was hydrolyzed with high concentration sodium hydroxide (2 M) at 120°C for 20 min. The hydrolyzate was then oxidized by a buffered choloramine-T (Sigma) reagent for 25 min before the addition of Ehrlich's reagent (15% p-dimethylaminobenzaldehyde in the mixed solution of isopropanol/percholoric acid (2:1)), and the absorbance was measured at 550 nm (Tecan). The hydroxyproline content was converted to collagen content using a conversion ratio of 1:10 hydroxyproline: collagen. 44 For histology, the sample was fixed with acid formalin (4% formaldehyde in 70% ethanol and 5% acetic acid), dehydrated with a graded series of ethanol, and embedded in paraffin for histological study. The samples were sectioned (7.5 lm) and mounted on microscope slides prior to staining. Sample GAG distribution was stained with Alcian blue staining at pH = 1.5, and collagen distribution was ascertained with Picosirius red staining. 3 Stained sections were imaged using the Axiovert 35 microscope (Zeiss, Oberkochen, Germany).
Statistical Analysis
Data are presented as means ± standard deviations. In Study A, one-way analysis of variance (ANOVA) was performed on the equilibrium compressive modulus, shear modulus, and the magnitude of dynamic shear modulus and phase shift angle at 1 Hz to assess the effects of varying calcium concentrations on alginate hydrogel. In study B, ANOVA was also performed on chemical contents for the chondrocyte-embedded alginate hydrogel constructs. For both studies, the effects of external ion concentrations and frequency on the magnitude of dynamic shear modulus |G * | and phase shift angle d were assessed by two-way ANOVA, and the effects of the frequency on |G * | at the lowest frequency (0.01 Hz) and the highest frequency (10 Hz) were tested with an ANOVA with repeated measures. Student-NewmanKeuls (SNK) tests were performed at a 95% confidence interval to determine specific differences between groups. All statistical analyses were performed using the Statistical Analysis Software (SAS, Cary, NC).
RESULTS
Effects of [Ca 2+ ] on Alginate Hydrogel
For alginate hydrogel samples, it was found that the equilibrium shear modulus G eq depended significantly on the calcium concentration in the external solutions (p < 0.05), while the ion concentration effects on the equilibrium compressive modulus E eq were not significant (p > 0.05; Fig. 3a) . The values for G eq more than doubled (1.26 ± 0.28 kPa vs. Fig. 3b ). Shear moduli of alginate hydrogel tested at the highest frequency (10 Hz) and at the lowest frequency (0.01 Hz) was also found to be significantly different for each other (p < 0.05).
Effects of [Ca
2+
] on Biosynthesis and Related Alginate Hydrogel Mechanical Properties
For chondrocyte embedded alginate hydrogel constructs after the 28 days of culture, it was found that the magnitude of the dynamic shear modulus |G * | was strongly dependent on the calcium ion concentration in solution (p < 0.05), while the calcium ion effect on the equilibrium compressive modulus E eq was not significant (Fig. 4a) . The value for |G * | at 1 Hz doubled (36.4 ± 6.9 kPa vs. 72.0 ± 4.0 kPa) when [Ca 2+ ] increased from 1.8 to 8 mM, while the phase shift angle d also increased significantly from 8.9°± 0.2°to 11.0°± 0.2°. The dynamic modulus |G * | increased almost linearly with the logarithm of the frequency (Fig. 4b) , and significant difference between two extreme frequencies (i.e., 0.01 and 10 Hz) was detected for all groups (p < 0.05).
The diameter, wet weight, and total GAG amount of samples were found to decrease significantly with increasing [Ca 2+ ] ( Table 1, Fig. 5a ). The total DNA and collagen amount decreased slightly but not significantly. These variations of GAG and collagen with [Ca 2+ ] were supported by the appearance of the histological staining sections (Fig. 5b) . Both the GAG distribution stained with Alcian blue (Fig. 5b top) and the collagen distribution stained with Picosirius Red (Fig. 5b bottom) showed that there was apparently more deposition at the exteriors of the constructs than the interiors and that the deposition in the interiors decreases with increasing [Ca 2+ ]. Two important differences are noted between these chondrocyte-embedded alginate hydrogels tissue engineering constructs and native articular cartilage: (1) the water content of these tissue engineering constructs are very high, i.e., >93%, whereas in normal articular cartilage it is~78% 1 ; and (2) the collagen does not appear to be organized in a layered-anisotropic manner as in native articular cartilage. 32 
DISCUSSION
The objective of this study was to investigate the effects of the physiologic synovial level [Ca 2+ ] on alginate hydrogel and alginate hydrogel seeded with chondrocytes. Specifically, compression and shear properties of the samples were determined as a function of [Ca 2+ ]. In addition, the effects of the [Ca 2+ ] increase on matrix synthesis and distribution by chondrocytes in alginate hydrogel were investigated. Overall, it was found that changes in Ca 2+ concentration significantly altered the shear properties of alginate hydrogel and chondrocyte-embedded alginate hydrogel constructs under both the equilibrium and dynamic tests, while surprisingly no significant changes in the compressive properties were detected. This had occurred even with the modification of the samples swelling pressure (Donnan osmotic pressure). The phase shift angle of dynamic shear tests, a measure of the matrix viscoelasticity, was found to increase significantly with calcium concentration. The GAG content for chondrocyte-embedded alginate hydrogel constructs decreased significantly with calcium concentration, while their shear properties increased. The variation of scaffold shear properties with calcium concentration could significantly alter the magnitude of mechano-electrochemical signals in situ (such as stresses, strains, fluid flow and electrical potential, i.e., with a decrease of the charged GAG molecules) and therefore the chondrocyte biosynthetic response, and also affect the continued integrity of the constructs and the stress-strains fields surrounding of host cartilage tissue under joint loading. 32 Hydrogels have often been modeled as biphasic materials consisting of a mixture of two incompressible phases: solid phase and water phase. 13, 29 Hydrogels exhibit viscoelastic behavior when the water or fluid inside the porous-permeable hydrogel is forced to gradually flow out under compression. Previously, the linear isotropic biphasic model 33 has been used to describe the mechanical behavior of agarose and study nutrient transport through the pores of an agarose matrix. 13, 29 For this study on the effects of [Ca 2+ ] on alginate hydrogel, however, the situation is much more complex because the hydrogel matrix is negatively charged due to the carboxyl groups present on guluronic and mannuronic residues at the physiological pH range and mechano-electrochemical effects may not be ignored. 32 Similar to articular cartilage, the alginate hydrogel can be, and has been successfully, treated as a triphasic material which includes an additional phase, mobile ions flowing through a charged, porouspermeable matrix. Due to the existence of fixed negative charges attached to the solid matrix of alginate hydrogel, a Donnan osmotic pressure will be generated within the hydrogel, and complex mechanoelectrochemical events will occur inside the hydrogel upon mechanical or osmotic loading. 27, 32 In this context, the torsional shear test has special advantages in its ability to determine the shear properties of the specimen since it is an equivoluminal test and thus interstitial fluid flow is minimized. No fluid flow relative to the solid matrix occurs when the applied shear strain is kept small during the test. Therefore, unlike the compressive response, the viscoelastic behavior under torsional shear tests comes solely from the solid matrix of the hydrogel. In other words, the pure shear test is particularly advantageous for quantifying the viscoelastic behavior of the solid phase of alginate hydrogel.
For the alginate hydrogel, the measured equilibrium compressive modulus (~4 kPa) and shear modulus (~2 kPa) at blood plasma ionic condition (0.15 M NaCl and 1.8 mM CaCl 2 ) agree well with previous experimental results obtained by LeRoux et al. 25 In this study, the extent to which the mechanical properties change under physiological ionic conditions has been quantified as well, and the results indicate that variations in calcium concentration may significantly affect the shear properties of alginate hydrogel. Increased calcium concentration will promote the formation of additional crosslinks inside the alginate hydrogel and stiffen the alginate samples. Intuitively, the phase shift angle would accordingly decrease. However, the measured phase shift angle was shown to significantly increase with cross-linking density, resulting in the increase of the phase shift angle. 25 For chondrocyte-embedded alginate hydrogel constructs, mechanical properties increase with time as a result of the longitudinal cellular production of extracelluar matrix collagen and GAG. The compressive properties of these composite constructs in the medium with a [Ca 2+ ] of 1.8 mM at Day 28 are comparable to those reported in several previous studies. 29, 46 Awad et al.
2 measured shear properties of alginate tissue engineered constructs using human adipose-derived stem cells and focused on the potential of these cells for chondrogenic differentiation. However, no shear properties of alginate constructs seeded with primary chondrocytes have been reported.
From Day 1 to Day 28, the equilibrium compressive modulus increased about 5 folds from 4 to 18 kPa, while the magnitude of dynamic shear modulus at 1 Hz increased about 12 folds from 3 to 36 kPa. This increase in both compressive and shear properties with time is directly associated with the deposition of the GAG and collagen inside the constructs and the resulting decrease in the water content or matrix porosity. The dependence of mechanical properties on the hydrogel porosity has been reported for both soft tissue such as articular cartilage 1, 32 and hard tissue such as bone. 17 Furthermore, the phase shift angle at 1 Hz increased from 2°to 9°from Day 1 to Day 28, which indicates the internal energy dissipation increase may be the result of the increase in cell matrix deposition with time. Previously, it was reported that the phase shift angle of alginate hydrogel remains essentially unchanged when the alginate concentration varied as a result of the counteracting effects from the increase of calcium crosslinks and the solid content. 25 The calculated increase in phase shift angle suggests that in the chondrocyte-embedded alginate hydrogels, the deposited GAG and collagen have yet to form effective crosslinks as strong as the linkages between guluronic residues of the alginate chains. 47 When compared to the native articular cartilage, the equilibrium mechanical properties of these cell-seeded constructs are relatively low even after 28 days of incubation. Specifically, the compressive modulus of these chondrocyte-laden alginate constructs is about 25 times lower than that of native cartilage, while the dynamic shear modulus is about 30 times lower. 32 This is largely due to the relatively lower chemical contents in comparison with native cartilage, with the GAG content of the constructs being 3 times lower, and the collagen content approximately 10 times lower. This may be due to their very high water content (>93%) when compared to normal native articular cartilage (~78%). It is known that for osteoarthritic cartilage, the % hydration increases as the histochemical measures increase 1, 27, 32 ; when the hydration of such tissues reaches >90%, the tissue no longer can provide load support. For the native cartilage, the phase shift angle at 1 Hz is about 10°, 47 while it is around 9°for chondrocyte-embedded alginate hydrogel constructs after incubation for 28 days. For native articular cartilage, the shear property is highly dependent on the collagen content, 47 while for chondrocyte-alginate constructs it is dependent on the density of Ca 2+ crosslinks, rather than the collagen content, as indicated by the increase of dynamic shear modulus with increased [Ca 2+ ] despite the decrease of the collagen and GAG contents. This difference is likely due to the small amount of collagen fibrils produced by chondrocytes in vitro, and its restricted deposition to a small region surrounding the cells (Fig. 5b bottom) . Consequently, collagen fibers have not been well assembled nor well organized within the alginate hydrogel to contribute to the increase in shear modulus. The lack of a collagen ultrastructural architecture defeats the tension-compression nonlinearity that is needed for effective interstitial fluid pressurization essential for hydrodynamic load support. [32] [33] [34] In this study, no significant effects of [Ca 2+ ] on the equilibrium compressive modulus have been detected for the alginate hydrogel and chondrocyteembedded alginate hydrogel constructs, but the shear modulus did increase significantly with [Ca 2+ ]. The exact cause is not known and needs future investigation. It could be due to the bimodular response of polymer chains and collagen fibrils, as they exhibit much higher modulus in tension while lower modulus under compression. The polymer chains and collagen fibrils aligned in the tensile principal stress direction significantly contribute to the shear modulus of the solid matrix, 32 and therefore shear tests are more sensitive to the crosslinking density changes caused by variations of [Ca 2+ ]. It could also be due to matrix inhomogeneities inside the samples. As indicated by our histological staining (Fig. 5b) , the high calcium level group usually contains a thicker exterior or surface region with high GAG and collagen contents. The dense extracellular matrix there may significantly increase the shear modulus of the whole constructs while contributing little to the compressive modulus.
Generally, a calcium concentration larger than 10 mM is considered to be toxic to cells, but the direct effects of calcium level below 10 mM on primary chondrocytes have not been well-studied. Collagen production was reported to be the lowest at [Ca 2+ ] = 1 to 2 mM in a chondrocyte-monolayer study, and an increase of [Ca 2+ ] from 2 mM stimulated collagen production. 23 Other studies show that a lower calcium level can stimulate the Type X collagen synthesis and suppress the Type I collagen synthesis while leaving the Type II collagen unchanged. 5, 12 No significant effect of calcium concentration on GAG production has been reported. Based on these studies, no significant decrease of ECM (i.e., collagen and GAG) production has ever been reported when [Ca 2+ ] increases from 1.8 to 8.0 mM. In contrast, we noticed in this study that both GAG and collagen in the histological staining of Study B (Fig. 5b) are present in lower amounts at 8 mM than 1.8 mM in the construct interior, whereas their distribution are comparable for all groups at the rim of the samples. These observations suggest that the variation in [Ca 2+ ] has negligible direct effects on chondrocyte synthetic response and that the difference in matrix production is probably caused by nutrient transport suppression at higher [Ca 2+ ] due to increased hydrogel cross-linking density. Bioreactors coupled with perfusion and dynamic loading devices can be used to test this hypothesis, and possibly to improve the nutrient transport through these tissue engineered constructs.
CONCLUSION
This study has provided new insight into the changes of the basic structure and viscoelastic properties of the alginate hydrogels subject to varying calcium concentration under physiologically relevant ionic conditions as well as its influence on the response of primary bovine chondrocytes seeded in this alginate scaffold. These findings have enhanced our understanding of how the outcome of alginate-based cartilage repair therapies are affected by the elevated calcium level as would be in the knee joints in both ACI and cartilage tissue engineering. It was found that moderate increases in calcium concentration can significantly elevate the shear modulus of alginate hydrogel and chondrocyte-alginate constructs. The compaction in structure due to loss of total volume as a result of increased [Ca 2+ ] decreases the porosity of the chondrocyte-alginate constructs, which impedes nutrient transport, resulting in lower ECM production and cell proliferation. These are important considerations in the implementation of tissue-engineered constructs for cartilage repair.
